Abstract: Coffee pulp is the first waste product obtained during the wet processing of coffee beans. Coffee pulp makes up nearly 40% of the total weight of the coffee cherry. Coffee pulp contains 25.88% of cellulose, 3.6% of hemicelluloses, and 20.07% of lignin. Coffee pulp is considered as an ideal substrate of lignocellulose biomass for microbial fermentation to produce such value-added products as ethanol. In this study, we used alkaline pre-treatment of the coffee pulp with NaOH (0.2 g/g biomass) in a microwave system at 120°C during 20 min. This method gave the best results: 71.25% of cellulose remained, and 46.11% of hemicellulose and 76.63% of lignin were removed. After that, the pre-treated biomass was hydrolyzed by Viscozyme Cassava C (enzyme loading was 19.27 FPU/g) at 50°C for 72 hours. The results showed that the highest reducing sugars and glucose concentration after hydrolysis were 38.21 g/l and 30.36 g/l, respectively. Then, the hydrolysis solution was fermented by S. cerevisiae (3.10 8 cells/ml) at 30°C for 72 hours. The highest concentration of ethanol obtained was 11.28 g/l. The result illustrated that, available and nonedible as it is, coffee pulp could be a potential feedstock for bioethanol production in Vietnam.
INTRODUCTION
Vietnam is currently the world's largest exporter of Robusta coffee, as well as the world's second-largest exporter of coffee beans after Brazil. In 2016, the total production of coffee beans in Vietnam was about 1,636,500 tons. About 450,000 tons of dried coffee pulp is produced here annually. Coffee pulp is mainly used as a fuel for fruit/coffee beans drying or as a compost and fertilizer on coffee plantations, which causes serious environmental pollution.
All over the world, there have been many researches on the use of coffee pulp. For instance, feeding and digestibility studies were conducted in concrete ponds to evaluate the use of coffee (Coffea robusta) pulp as a partial and total replacement for yellow maize in low-cost diets for catfish [1] . The research evaluated the effect of studies indicate that residue utilization has an excellent potential for bioethanol production, given that it does not involve costs related to raw material growth. Furthermore, it is estimated that ethanol production from agricultural residues could be sixteen times higher than the current production [7] .
Vietnam possesses large quantities of coffee pulp that need utilization. This is also in line with the current global trends to seek alternative renewable energy sources to replace traditional fossil fuels and solve the problem of environmental pollution and climate change. Thus, the present study offers a good solution for these problems.
STUDY OBJECTS AND METHODS
Materials. Robusta coffee pulp was collected at Pong Drang commune, Krong Buk district, Dak Lak province, Vietnam. The berries were of bright-red colour, ripe, neither crushed nor moldy. After harvesting, the pulp was removed and dried at 65°C until the moisture content was 5-8%. After that, the pulp was crushed and sieved; the diameter of the powder was 0.5-1 mm. Finally, the powder was packaged in plastic bags and stored under ambient conditions.
Analytical methods. The moisture content was analyzed according to AOAC method 934.06.
The total ash content was determined by using AOAC method 942.05.
The analysis of total fat was performed by using AOAC method 948. 16 .
The quantitative analysis of caffeine was performed by using a Genesys UV-Vis Spectrometer (Genesis 10S) [8] .
The total polyphenol content in the extracts was determined according to the Folin-Ciocalteu colorimetric method with some modifications [9] .
The micro-Lowry method [10] was used to determine the protein content.
The calcicum pectate method was applied to determine the pectin content [11] .
Phenol sulphuric acid was used to estimate the total reducing sugars (TRS) using maltose as standard [12] .
The reducing sugars (RS) in the hydrolysate were measured by using the DNS method adapted from Miller [13] .
A Clever Check blood glucose meter (model TD 4230, Germany) [14] was used to determine the monomeric sugars (glucose).
The cellulose, hemicellulose, and lignin contents were determined by the crude fibre analysis [15] .
The ethanol concentration was determined with the help of a Genesis UV-Vis Spectrometer (Genesis 10S) [16] .
Pre-treatment method. 50 g of the dried coffee pulp was treated by 500 ml of sodium hydroxide solution (0.2 g NaOH/g biomass). After that, the mixture was pre-treated at 195W and 120°C for 20 min in the microwave system. The pre-treated biomass was recovered by filtration and washed with 1,000 mL of hot water (70°C) to remove the remaining lignin and alkaline substances according to the method offered by Chen et al. (2007) [17] . Then the pre-treated residue was pressed to remove excess water and dried at 65°C until moisture content stabilized between 5% and 8%. The concentrations of cellulose, hemicellulose, and lignin remaining in the pre-treated material were calculated by the following equation:
where R x is the percentage of cellulose (RC), hemicellulose (RH), or lignin (RL) remaining in the pre-treated pulp, %; A i is the amount of the constituent in the initial dried coffee pulp, g; and A p is the amount of the constituent after the pre-treatment of the dried coffee pulp, g. Hydrolysis method (enzyme loading). 5 mL of Viscozyme Cassava C preparation, 150 ml of 0.05 mol/l citrate buffer (pH 4.8), and 15 g (equivalent to 10% of dry material per 100 ml of solution, w/v) of pressed pre-treated dried pulp were mixed in a flask. The containers were incubated in a thermal shaker at 50°C and 150 rpm for 72 hours. After that, the material from each treatment was centrifuged at 2,500 rpm for 10 min [19] . The supernatant was removed to determine RS s , total reducing sugars (TRS s ), and glucose concentrations. The control samples were not treated by heat and alkaline. The yield from the enzymatic hydrolysis process, %, was calculated using the following equation. Only the cellulose present in the pre-treated coffee pulp was taken into account:
where G e is the glucose concentration at the end of the enzymatic hydrolysis, g glucose/l [18] ; G w is the glucose concentration without enzyme treatment, g glucose/l; and C p is the cellulose concentration in the pre-treated material, g cellulose/l. Fermentation method. After the hydrolysis, the solution was divided into equal portions of 250 ml each and put in an Erlenmeyer flask. Then (NH 4 ) 2 SO 4 (1 g/l), K 2 HPO 4 (0.1 g/l) and MgSO 4 .7H 2 O (0.2 g/l) were added into the solution. The medium was autoclaved at 121°C for 20 min and cooled at room temperature. Fermentation was carried out in an Erlenmeyer flask with 3.10 8 cells/ml of S. cereviciae at 30°C, 120 rpm, and pH of 5 [20] . The yeast was collected from the Laboratory of the Food Technology Department at the Industrial University of Ho Chi Minh City. Ethanol concentration was analyzed by using a Genesis UV-Vis Spectrometer at different fermentation times:
where EC is ethanol concentration at the end of fermentation, g/l; G b is glucose concentration at the beginning of the fermentation, g/l; G e is glucose concentration at the end of the fermentation, g/l. The percentage of the theoretical ethanol yield was calculated as follows:
where 0.51 is the maximum theoretical ethanol yield when converting 1g glucose to ethanol.
Statistical analysis.
All treatments in this study were conducted in triplicate, and 95% of confidence level was applied for the data analysis. ANOVA was used by the one-way analysis of variance, and Statgraphics software (Centurion XV) was used to determine the statistical differences between the treatments.
RESULTS AND DISCUSSION
Characteristics of the solid fraction of coffee pulp. Table 1 shows that the cellulose and lignin content in the coffee pulp (Robusta coffea) was 25.88% and 20.07%, respectively. These results were higher than those received by Bonilla-Hermosa et al., Elias, and Menezes et al. However, the hemicellulose content was similar with the result obtained by Elias (1979) [18, 22, 23] . These differences can be explained by the fact that the previous studies used Arabica, whereas the present research was based on Robusta coffee.
Coffee husks and pulp are comprised of the outer skin and the attached residual pulp, and these solid residues are obtained after de-hulling of the coffee cherries during dry or wet processing, respectively [4] . The coffee pulp only included outer skin and fruit pulp. The sticky coffee husk included skin, fruit pulp, and, perhaps, an insignificant amount of pectin and parchment. Therefore, the total sugars (28.7%) and the reducing sugar content (24.25%) of the sticky coffee husk were higher than those of the coffee pulp (9.7 and 9.63%) [22, 25] .
According to Palonen and Hetti [26] , lignocellulose biomass is a major structural component of woody plants and other plants, such as grass, rice, and maize. The major constituents of lignocellulose are cellulose, hemicellulose, and lignin. The crude fibre in coffee pulp included: 25.88% of cellulose, 3.6% of hemicelluloses, and 20.07% of lignin. The content of cellulose in the coffee pulp was similar to that in rice husk (24.3%) [27] but lower than in wheat straw (38.2%) [28] and bagasse (38%) [29] . However, there was also a similar proportion between the cellulose content in the coffee pulp (equivalent to [25] 52.23%, g cellulose/100g crude fibre) and the typical proportion of lignocellulose (40-60%) [30] . Therefore, coffee pulp is also considered a source of lignocellulose biomass, which can be used in the production of bioethanol (second generation ethanol production). Alkali pretreatment. According to Sun and Cheng [31] , the pre-treatment process has a number of advantages: it reduces cellulose crystallinity, removes lignin and hemicellulose, and increases the porosity of the materials. Pre-treatment should meet a number of requirements: -it cannot produce by-products that are inhibitory to the subsequent hydrolysis and fermentation processes; -it cannot result in a loss or degradation of carbohydrate; -it should improve the formation of sugars or the ability to subsequently form sugars by enzymatic hydrolysis; and -it has to be cost-effective. Currently, pre-treatment of lignocellulosic materials can be chemical, physical, physico-chemical, and biological. As for materials that are rich in lignin, alkaline pre-treatment method seems to be the most efficient one.
The efficiency of pre-treatment depends entirely on the type of alkalis, concentration, time, and temperature of the pre-treatment process. To increase the efficiency of lignin removal, the above factors need to be increased. However, the increase in these factors means more cellulose loss. In this study, the coffee pulps were pre-treated with 0.2 g NaOH/g biomass at 120°C for 20 min in a microwave system. The results showed th at 71.25% of cellulose was retained, while 46.11% of hemicellulose and 76.63% of lignin were removed. Although the result was not high, the conversion efficiency could not be regarded as low.
It was necessary to go through the next stages (hydrolysis and fermentation) to evaluate the ethanol conversion efficiency. According to [18] , when coffee pulp was pre-treated with 4% NaOH (w/v) at 121°C for 25 min, the commercial efficiency removal of lignin and hemicellulose was 78,41% and 55.85%, respectively, while 69.18% of cellulose was obtained. Wang and Cheng [32] pre-treated coastal Bermuda grass with sodium hydroxide (1% NaOH) and calcium hydroxide (0.1 g Ca(OH) 2 ) (in g/dry biomass) at 121°C during 30 min and obtained about 75% and less than 20% of lignin removal, respectively. In addition, the results of Kim and Holtzapple [33] showed that the optimal conditions of pre-treatment for corn stover were 0.5 g Ca(OH) 2 /g (a)
(b) Fig. 1 . Scanning electron microphotographs (SEM) of coffee pulp. The coffee pulp (a) was not pre-treated and the coffee pulp (b) was pre-treated with 0.2g NaOH/g biomass at 120°C for 25 min. Note: * mg/g biomass; a and b in the same column denote a significant difference (p < 5%) raw biomass (55°C). After 4 weeks of pre-treatment, 97.7% of cellulose remained while 32.3% of hemicellulose and 66.9% of lignin were removed. This result showed that the effect of Ca(OH) 2 was better than that of NaOH because it was cheaper and produced a larger amount of cellulose. However, hydrolysis and fermentation need to be conducted to evaluate its effectiveness mainly because the final product is ethanol. Fig. 1 shows that NaOH treatment of lignocellulosic materials caused swelling, which increased the internal surface area, decreased the degree of polymerization and crystallinity, separated the structural linkages between lignin and carbohydrates, and disrupted the lignin structure [34] . The mechanism of alkaline hydrolysis is believed to be in the saponification of intermolecular ester bonds which crosslink xylan hemicelluloses and other components, e.g. lignin and other hemicellulose. The porosity of the lignocellulosic materials increases with the removal of the crosslinks [35] . In addition, Fig. 1 also shows the difference between the raw and the pre-treated samples. The raw samples were rigid, very compact, and non-porous, while the pre-treated sample showed an increase in porosity and a greater surface area, which was attributed to the removal of lignin and hemicellulose.
The alkali pre-treatment can cause redistribution and solubilization of lignin, as well as an increase in the hydrolyzation of cellulose and the porosity of substrates. However, alkali pre-treatment combined with microwave pre-treatment could significantly increase the cellulose hydrolyzation by enzyme because of a larger contact area of cellulose and enzyme [36] . It also causes linkage degradation between cellulose, hemicelluloses, and lignin. In addition, this pre-treatment process has a low temperature and a low alkali concentration, which leads to a lower sugar degradation, and no yeast inhibitor agents are released, so ethanol fermentation yield is higher than when no microwave pre-treatment was conducted. This viewpoint corresponds with the results obtained by Zhao et al. [36] , who combined alkali pre-treatment and microwave pre-treatment of rice hulls. As a result, the reducing sugar increased by 14% if compared with the samples that underwent no microwave pre-treatment. The results obtained by Xu et al. [37] showed that the ethanol yield from fermentation process was nearly 6 times higher than that obtained from the untreated material.
Enzymatic hydrolysis. To assess the effectiveness of alkaline pre-treatment, a certain percentage of hemicellulose and lignin was removed. The ability of enzymatic hydrolysis to produce a particular amount of glucose had to be taken into account. In addition, to evaluate the effectiveness of the pre-treatment process, a control sample was established. The control samples (not pre-treated with alkali) were also hydrolyzed simultaneously with the test sample under the same conditions. However, the hydrolysis effect was completely different (Table 3) . Table 3 shows that YEH (yield of enzymatic hydrolysis) was 76.8% (the result was calculated by formula 2). It means that 76.8% of cellulose was converted to glucose after the hydrolysis process. The productivity was relatively high. According to Menezes et al., hydrolysis of coffee pulp (Arabica) resulted in producing 27.02 g/l of glucose and 60.48% of hydrolysis efficiency [18] .
Silverstein et al. pre-treated cotton stalks and stems with a NaOH solution (2% NaOH, 60 min, 121°C) and obtained conversion of cellulose equal to 60.8% after the enzymatic hydrolysis. This productivity was lower than the results obtained in the study [40] , which can be explained by the following factors. When the alkaline pretreatment of lignocellulose was combined with the letters (a, b, c, d , e, f) in the same column denote a significant difference (p < 5%) 36 g/100g) 0. 37 Present study microwave hydrolysis, the hydrolysis yield was higher. The hydrolyzed sugar content also improved, as compared to the case when alkaline pre-treatment was used on its own. In addition, if combined with microwaves, hydrolysis of the alkaline pre-treatment increases the surface area of cellulose from the breakdown of the hemicellulose and lignin layers. As a result, the sensitivity of hydrolysis enzymes increases [41, 42] . On the other hand, Chen et al. [17] pre-treated barley straw with 2% NaOH at 121°C. According to their experiment, 74.03-84.89% of cellulose conversed to glucose during the enzymatic hydrolysis process. The cellulase concentration was 40-60 FPU/g cellulose supplemented with cellobiase (Novozyme 188). Their result was better than that of this study, with an enzyme loading of 19.27 FPU/g of substrate.
The productivity increased considerably when the amount of enzyme was increased (FPU/g), or enzyme cellobiase was supplemented (CBU/g). Chen et al. pre-treated corn straw with a 2% NaOH solution for 1 hour at 80°C with an 8% substrate and 20 FPU cellulase/g substrate (which contained 1.64 CBU/g) [43] . The hydrolysis process produced a RS concentration equal to 52 g/l and a high amount of cellobiose. In addition, the RSs content peaked at 64.1 g/l after 60 hour with an increase in the activity of cellobiase to 10 CBU/g substrate. The cellulase activity is inhibited by cellobiose and glucose (to a lesser extent). These problems can be solved by adding cellobiase. In the hydrolysis of lignocellulosic biomass, cellulases attack the cellulose chain to form glucose and cellobiose, then cellobiose decomposes to glucose by cellobiase. Thus, the presence of cellobiase helps reduce the inhibition of cellulase by cellobiose and results in a higher yield of sugars [31] .
Fermentation. The glucose concentration in the hydrolysate was consumed by the yeast. The initial concentration was 36.58 g/l and decreased to 6.1 g/l after 72 hour of fermentation. The final concentration of ethanol was 11.28 g/l with a yield of 0.37 g ethanol/g glucose. The control sample (unprotected by hydrolysis and fermentation) showed the initial glucose concentration of 20.85 g/l and 4.17 g/l at the end of fermentation. The ethanol concentration was only 5.3 g/l (Table 4) . Therefore, it was necessary to conduct a pre-treatment process to remove lignin and hemicellulose.
According to Menezes et al., coffee pulp (Arabica) was pre-treated by a 4% NaOH solution (w/v) (equivalent to 0.2 g/g biomass) and then was hydrolysed with 13.82 FPU/g of cellulase [18] . The results showed that 27.02 g of glucose/l and 11.99 g of ethanol/l were achieved after hydrolysis and fermentation (Table 5) .
In this study, the pre-treatment process was combined with the microwave system. As a result, the hydrolysis efficiency was high (30.36 g of glucose/l was formed) (Table 3) . However, the ethanol yield from fermentation was only 11.28 g/l, which was slightly lower than that of the study by Menezes et al. because of the yeast strain or its amount. Besides, they used 3 g/l of dry yeast while the yeast in this study was used as a secondary breed and then added to the hydrolysate with a cell density of 3.10 8 (cells/ml). Chen et al. pre-treated barley straw with a 2% NaOH solution at 121°C for 1 hour, and the pre-treated material was hydrolysed by Celluclast 1.5 l at a concentration of 40 FPU/g glucose and Novozyme 188 (cellobiase) [17] . The hydrolysate was inoculated by S. cerevisiae (ATCC 24859) and incubated at 30°C for 72 hour. At the end of the fermentation, the ethanol yield (Y p/s ) was 0.31 g ethanol/g glucose, which is lower than the result of this study (0.37).
The coffee pulp was hydrolysed by using sulphuric acid concentrations of 1%, 2%, and 4% for 1 hour; the achieved ethanol concentrations were 6.097, 4.395, and 3.323 g/l, respectively [47] . The dilute acid hydrolysis resulted in a low ethanol production compared with the deionised water hydrolysis. The maximum ethanol concentration of 6.315 g/l was obtained from the coffee pulp, which was hydrolysed by deionised water [48] . Sugar cane bagasse was pre-treated by steam explosion and hydrolysed by cellulase (26 g RS/l in hydrolysate). The final concentrations of ethanol were 7.4 g/l (0.28 g ethanol/g RS) and 8.2 g/l (0.31 g ethanol/g RS) when two types of yeast were used, i.e. S. cerevisiae ATCC96581 and S. cerevisiae TMB3001 [39] .
150 ml of filtrate yeast (Saccharomyces cerevisiae) was added at a concentration of 5.0 g/l and subjected to fermentation for 48 hour at 30°C in a shaker incubator at 120 rpm. The ethanol yield in the fermented broth was found to be 0.50; 0.46; and 0.46 g/g sugar in squeezed CAP, DCP, and WCP. The theoretical ethanol yields (Y max %) of squeezed cashew apple pulp, dry coffee pulp, and wet coffee pulp were found to be 46.0; 9.35; and 40.0%, respectively [5] .
Other studies showed that after fermentation barley straw produced the final ethanol concentration equalled to 10 g/l [44] . In addition, Gouvea et al. [25] indicated that when coffee husk was fermented in water (13%, w/v) with S. cerevisiae commercial Baker's yeast, the final ethanol concentration equalled 13.6 g/l ( Table 5) .
The conversion of glucose to high or low ethanol content is attributed either to the low concentration of glucose in the hydrolysis solution or to the poor pre-treatment process, or to the low cellulose content in the raw material. This is consistent with the study conducted by Belkacemi et al. [44] that showed an ethanol conversion efficiency of 0.44, while the ethanol content was 5 g/l (Table 5 ). However, Ballesteros et al. obtained quite opposite results [21] : the conversion efficiency reached only 0.32 while the obtained ethanol content was 18.1 g/l (Table 5) . Thereby, the conversion efficiency of ethanol indicated that the glucose content in the fermentation broth was high. The high glucose content showed that the hydrolysis process or the fermentation process was very effective.
CONCLUSION
One hundred gram of dry coffee pulp produced 11.36 g of ethanol (the corresponding glucose conversion efficiency of ethanol was 0.37). Comparing with the literature data, it can be seen that ethanol production by fermentation is quite potential. In addition, the present study offers some methods to improve ethanol yields, including the use of a combination of yeast strains for xylose fermentation, hydrolysis coupled with concurrent fermentation, or selection of more potent strains of S. cerevisiae.
